Abstract: This paper proposes a hardware configuration for uplink multiuser multiple-input multiple-output (MU-MIMO) transmissions with distributed antenna systems (DASs) in real indoor environments. Beam-forming (BF) technology is used in the DAS with massive MIMO. In massive MIMO transmission, signal processing becomes complicated because of the massive antennas. Therefore, in general, a technique known as digital beamforming (DBF) is adopted, in which the weight values are calculated through digital signal processing. Massive MIMO systems applying DBF, which requires receivers for all massive antennas, have problems related to power consumption and cost because the access point becomes large.
Introduction
Multiuser multiple-input multiple-output (MU-MIMO) transmissions have been attracting much attention, as a technique for improving the channel capacity of the entire system by generating a large virtual channel between the access point (AP) and multiple user terminals (UTs) [1, 2, 3] . Downlink MU-MIMO transmissions have been introduced as one of the main technologies in the LTE and IEEE 802.11ac standards. Uplink MU-MIMO transmission is currently being standardized under LTE-advanced [4] . In IEEE 802.11ax [5] , the standardization of uplink MU-MIMO and orthogonal frequency division multiple access (OFDMA) has been decided, and it is expected that their importance will increase in the future.
Massive MIMO transmissions have been attracting much attention in 5th generation mobile communication systems (5G) and IEEE 802.11ay, in order to improve the performance of MU-MIMO transmissions [6, 7, 8, 9] .
In massive MIMO transmission, the antenna configuration used for communication is usually selected by the digital part is adopted. The signal processing becomes complicated because of the presence of many antennas. In this configuration, when massive MIMO transmission is assumed, the scale of the access point becomes large, as receivers are required for all antennas. The increase in the access point size is problematic in terms of power consumption and cost.
In this paper, we propose a hardware configuration for uplink MU-MIMO transmission, to solve this problem. In the proposed configuration, the distributed antennas are first divided into multiple groups. Then, the antennas with the highest received powers are selected using amplitude detectors. Finally, the antennas are selected using many-to-one switches. This configuration is named the analogdigital hybrid configuration. The proposed configuration is suitable for implementation in massive MIMO transmission. In order to clarify the effectiveness of the proposed configuration, we performed computer simulations using the propagation channels obtained through experiments conducted in real indoor environments.
The remainder of this paper is organized as follows. Section 2 describes the conventional and proposed configurations and explains the advantages of the proposed configuration. Section 3 shows the measurement environment and measurement parameters. In Section 4, the effectiveness of the proposed configuration is demonstrated by comparing the basic characteristics when antennas are selected according to the conventional full-digital configuration and the proposed analogdigital hybrid configuration. The paper is concluded in Section 5.
2 Conventional configuration and proposed configuration Fig. 1(a) shows the conventional access point (AP) configuration of the DAS in uplink MU-MIMO. In the conventional configuration, the antennas used for communication are selected through digital signal processing. Down converters and analog-to-digital (A/D) converters are necessary for the receivers, and receivers are connected to all antennas. In the case of massive MIMO, the required number of receivers increases as the number of antennas increases, and the hardware is scaled up. Fig. 1(b) shows the proposed analog-digital hybrid configuration. The proposed configuration uses many-to-one switches and amplitude detectors. The N antennas are divided into N S groups. N L represents the number of antennas in each group. All antennas in a group are connected to one many-to-one switch. Therefore, in the proposed configuration, one antenna is selected by each switch. The received signal of each group is input to the amplitude detector via the directional coupler. The amplitude information is measured by the amplitude detectors, and the antenna with the maximum amplitude is selected by each many-to-one switch. In this configuration, one receiver is connected to one many-to-one switch. Therefore, the required number of receivers is reduced from N to N S , when compared to the conventional AP configuration, and the hardware scale is reduced. Compared to the conventional configuration in which the antenna is selected in the digital part, in the proposed configuration, the antenna is selected in the analog part by the manyto-one switch, and thus, the antenna selection process becomes simple.
3 Antenna selection methods and measurement environment Fig. 2(a) show the real indoor measurement environment. In Fig. 2(a) , the blue circles are the UTs, and the AP antennas are represented by the colors A, B, C, and D. Each color indicates one group of AP antennas. The number of AP antennas is 32 and the number of UTs is 32. From 32 users, four users are selected for each trial. A total of 35,960 trials are conducted for different UT combinations. At this time, the numbers 1∼4 are assigned to the UTs. Then, #UT 1∼4 are paired with groups A∼D. A single antenna with the highest signal-to-noise ratio (SNR) is selected from each group (A, B, C, and D at the AP in Fig. 2(a) ): four AP antennas are selected in total in Fig. 2(a) . The resulting 4 Â 4 uplink MU-MIMO transmission is evaluated in Fig. 2(a) . Fig. 2 (b) shows our measurement parameters. The carrier frequency and bandwidth are 2.425 GHz and 20 MHz, respectively. The transmission signal is an orthogonal frequency division multiplexed (OFDM) signal. The transmission power is 0 dBm. The transmitters and receivers are connected with the UTs and AP antennas, respectively, and the uplink channel state information (CSI) between the UTs and AP antennas is measured. The heights of the AP and UT antennas are 2.3 and 0.7 m, respectively. Patch and sleeve antennas are used for the AP and UT antennas, respectively. The thermal noise power is determined so that the average received power versus the thermal noise power, i.e., SNR, is 20 dB when considering all the antennas and UTs.
We now evaluate the Shannon capacity and achievable bit rate using zero forcing (ZF) while considering the actual propagation channel. The Shannon capacity in the uplink channel C s can be written as: 
where k is the k-th eigenvalue, and P and 2 are the transmit power and noise power, respectively. The achievable bit rate using ZF C ZF can be written as:
where SNR ZF;k is the k-th SNR obtained from the interference cancellation due to the ZF for the k-th user.
In the proposed configuration, the antennas are selected in the analog section. Using the signal sent to the amplitude detector via the directional coupler, the antenna with the highest SNR is selected. The selected antennas are switched using the many-to-one switch. This is named DAS H .
In the conventional configuration, the antennas are selected in the digital part. Therefore, the antennas with the highest SNR are selected from each group (A, B, C, and D) at each subcarrier of OFDM, similar to DAS H . This is named DAS H (sub). Fig. 3 shows the transmission rates and channel capacities of DAS H and DAS H (sub). The solid line represents the transmission rate when ZF is applied to DAS H (sub) and DAS H , and the dashed line represents the channel capacity when applying the Shannon limit to DAS H (sub) and DAS H .
Comparison of channel capacity
In the conventional configuration DAS H (sub), antennas are selected in the digital part; therefore, antennas can be selected for each subcarrier of OFDM. It is thus possible to select a more optimal antenna, when compared to the proposed configuration that selects the antenna in the analog part. The transmission rate is also high, accordingly. This difference can also be confirmed from the graph. However, since the difference is very small, the performance degradation of DAS H is also small, when compared to that of DAS H (sub). Antenna selection in the conventional configuration is a very complicated process, and the scale of the base station increases on the hardware side. On the other hand, the antenna selection process by the proposed configuration is relatively simple. Furthermore, in the proposed configuration, the scale of the AP can be reduced by using many-to-one switches. From this, it can be confirmed that the proposed configuration is very effective as a realistic hardware configuration in which the performance hardly deteriorates.
Conclusion
In this paper, we proposed an analog-digital hybrid hardware configuration using amplitude detectors and many-to-one switches for uplink MU-MIMO transmission with DAS.
In the proposed configuration, the distributed antennas were divided into multiple groups. Each group of antennas were connected to a many-to-one switch, and an amplitude detector selected the antenna with the highest received power in the group. The selected antennas were switched by each many-to-one switch.
Compared to the conventional full-digital hardware configuration, the proposed configuration could reduce the size of the AP by using many-to-one switches. In the conventional configuration, the processing becomes complicated as many antennas are used for communication. On the other hand, in the proposed configuration, the antennas can be selected through relatively simple processing.
In this study, we experimented in real indoor environments assuming DAS and acquired the propagation channel. From the obtained propagation channel, the performance was evaluated by comparing the conventional configuration and the proposed configuration, in terms of the transmission rate and channel capacity. From the results, it was confirmed that the performance degradation in the proposed configuration was small, when compared with the conventional configuration selecting antennas for each subcarrier. It was shown that the proposed configuration was effective as it could be realized through simple calculations and the sizes of AP devices could be reduced. 
Clarification

Introduction
A centralized RAN (C-RAN) architecture is employed for a mobile base station (MBS) to reduce costs and make MBSs cooperate each other. With the C-RAN architecture, a radio frequency (RF) functional block and part of the physical processing unit are located in a distributed unit (DU) at the antenna site [1] . The other upper layer processing units are consolidated in a centralized unit (CU). The transmission link between the CU and the DU is connected by an optical fiber and called mobile fronthaul (MFH). MFH networking has been widely studied to limit the MFH link cost, and we have studied MFH networking based on a time division multiplexed passive optical network (TDM-PON) [2, 3] . Specifically, we have proposed low-latency uplink forwarding with a mobile dynamic bandwidth allocation (M-DBA) scheme. When the M-DBA scheme is employed, the optical line terminal (OLT) and the DU cooperate as regards the uplink transmission through a dedicated interface defined as a cooperative interface (C-IF) [4] . Moreover, we have demonstrated experimentally that the M-DBA can reduce uplink forwarding latency compared with the conventional fixed bandwidth allocation (FBA) scheme [5] . However, the number of DUs that can be accommodated has not been estimated. In general, the cost reduction becomes greater as we increase the number of accommodatable optical network units (ONUs) connected to the DUs. In this paper, we clarify the number of ONUs that can be accommodated based on statistical information regarding the amount of MFH data, with the M-DBA or the conventional FBA when accommodating functional split based MBSs [1, 6] .
Overview of mobile-DBA scheme
The bandwidth allocation scheme is detailed in [2] , [4] , and [5] . The CU calculates a wireless schedule for a wireless uplink transmission from user equipment (UE). The CU then allocates the wireless bandwidth to the UE. After 4 transmission time intervals (TTIs), the UE transmits a wireless signal to the DU. With a long term evolution (LTE) system, 1 TTI equals one millisecond. In the M-DBA scheme, the CU transmits the calculated wireless scheduling information to the OLT through the C-IF. The OLT calculates the bandwidth for each ONU based on the wireless scheduling information and allocates the bandwidth to each ONU. After 4 TTIs, when the DU forwards the MFH signal to the ONU, the ONU has already been allocated a suitable bandwidth and can forward its signal to the OLT without any transmission waiting time. Thus the transmission waiting latency is minimized.
Functional split-based MBS
If the MBS employs a conventional functional split point (e.g. common public radio interface (CPRI) [7] ), the MFH link will have to cope with a huge amount of data in 5G era. Therefore a novel functional split point has been discussed [1, 6] to reduce the amount of MFH data. In [1] , there are several candidate functional split points. Fig. 1(a) shows the functional blocks with the novel functional split point. The option number in Fig. 1 (a) refers to [1] . A MAC-PHY split (option 6) and an Intra-PHY split (option 7-2) are particularly suitable with TDM-PON since the MFH traffic is packetized in a layer-2 frame. For options 6 and 7-2, the amount of MFH data is following,
where N lay is the number of multiple-input and multiple-output (MIMO) layers, S tbs is the transport block size, N iq is the number of in-and quadrature-phase parts (¼ 2), N q is the number of quantization bits of the in-and quadrature-phase parts, N rb is the number of resource blocks in a wireless system bandwidth, N sc is the number of subcarriers in a resource block, and N sym is the number of orthogonal frequency division multiplexed (OFDM) symbols in a physical uplink shared channel (PUSCH). In addition, the MFH link has bursty traffic distribution characteristics. With option 6 in Fig. 1 , the wireless signal is demodulated and decoded with respect to each TTI. The bursty MFH traffic is periodically generated at every TTI. For option 7-2, two types of bursty traffic distribution are conceivable. First is bursty MFH traffic with a resource block interval. When a wireless signal is forwarded by every resource block, the interval of the bursty MFH traffic is 0.5 TTI. The other is the bursty MFH traffic generated by every OFDM symbol. For example, for an LTE system, 1 TTI is equivalent to 1 millisecond and 14 OFDM symbols are transmitted during 1 TTI. As a result, bursty MFH traffic with an interval of approximately 71.4 µs is generated. Fig. 1(b) -(d) summarizes the three types of bursty MFH traffic distribution.
Calculation method and analysis result
We estimate the probability P that all DUs generate MFH signals at the same time without exceeding the latency requirement T req . We assume the three types of MFH traffic distribution shown in Fig. 1(b)-(d) . The estimation method is divided into two steps. First we calculate the probability mass function of the discrete probability distribution for the amount of MFH data. Then we calculate the number of accommodatable DUs taking the M-DBA into consideration.
Probability mass function for MFH data amount
We use the LTE module [8] of a network simulator 3 (ns-3) [9] . The LTE module generates the TBS and modulation coding scheme (MCS) information per TTI and we simulate multiple times with different UE deployment locations and different mobile traffic generation conditions. This is because the wireless throughput changes depending on the propagation environment between the DU and the UE. And, in [10] , the parameter for the number of the UEs is described as 2, 5, 8, 10, and 14. Since the cell size was smaller than that in [10] , in this paper we assumed 4 UEs as half of the median described in [10] . We then converted the TBS and MCS information about the LTE system into MFH data assuming a 5G system in accordance with Eq. (1). We produced a histogram of the MFH data. The class of the histogram indicates the MFH data volume v mfh . The frequency of the histogram is equivalent to the discrete probability pðv mfh Þ. We assume that all the DUs generate an MFH signal according to its histogram.
Number of accommodatable DUs based on M-DBA
We define the DU identifier as i, and the number of ONUs (¼ DUs) as N onu . The request size r i of the uplink transmission from the CU to the OLT through C-IF is equivalent to the MFH data volume v mfh . We need to calculate the transmission waiting time D i for all the DUs. The allocated bandwidth b i [byte/polling cycle] is as follows,
where the b i unit is bytes per polling cycle and C pon is the PON link capacity. The polling cycle means the uplink transmission interval of the TDM-PON system. The number of polling cycles N i poll to forward the request size r i is,
ceilðxÞ represents a ceiling function. Therefore the transmission waiting time D i is,
where T poll is the polling cycle and L i is the original frame length. T fix is the fixed latency caused by processing delay and frequency/synchronization errors. Next, we calculate the probability P. (6) .
We calculate the probability P for different N onu values according to Eq. (3)-(6).
Calculation result and discussion
The calculation parameters are shown in Table I . The exponential distribution model is defined in [10] . For the exponential distribution model, the average burst 
We show the calculation result and the histogram in Fig. 2(a) -(f ). From Fig. 2(a) , (b), the functional split point is assumed to be option 6. For example, the P value is improved more than 20% when 8 DUs are accommodated. For option 7-2, Fig. 2 (e), (f ) show the bursty MFH traffic distribution with a resource block interval. Fig. 2(c), (d) show the bursty MFH traffic distribution with an OFDM symbol interval. Since we expect statistical multiplexing effects, we assumed that it was not necessary for the result to be 100%. The probability threshold value P th for determining the number of accommodatable ONUs is set at 90%. Then, from Fig. 2(c), (d) , the number of ONUs that can be accommodated is improved from 2 to 4. Moreover, for Fig. 2(e) , (f ), the number is improved from 4 to 6.
Conclusion
We calculated the number of accommodatable ONUs when our proposed M-DBA is applied. We evaluated the number of ONUs based on the mobile traffic generated by the LTE module of the network simulator 3. For option 6, the probability is improved by more than 20% when 8 DUs are accommodated. For option 7-2, the accommodation efficiency is improved 1.5 and 2.0 times in the cases of a bursty MFH traffic distribution with OFDM symbol and resource block intervals, respectively when the probability threshold value P th is set at 90%.
Second-order spectrum extraction based on ionospheric clutter
Anyun Yin a) and Zili Li 
Introduction
The use of high frequency surface wave radar (HFSWR) in the technology of remote sensing [1, 2] for detecting the ocean can be seen in recent years, the sea state information associated with the waves is mainly included in the two spectral range of the radar echo spectrum, the existing ocean wave information acquisition technology mainly aims at the analysis and processing of the second-order spectrum and the extraction of the characteristic parameters to obtain the related ocean information, such as the effective wave height and the ocean wave spectrum [3, 4] . HFSWR is affected by ionospheric clutter with different morphological characteristics in time, space and frequency bands, it shows obvious non-stationary signal characteristics in frequency spectrum, and its energy is so strong that it often completely drowns out useful ocean echo spectrum [5, 6, 7] . So it is difficult to extract the second-order spectrum of ocean echo on the distance element with ionospheric signal interference, and then it is a great obstacle to the subsequent sea state information retrieval. Therefore, how to separate the second-order spectra from the ionospheric echo spectrum effectively is the key to obtain the sea state information of the region. To resolve the above problem, this paper proposes a hybrid echo signal processing algorithm. The method of dividing the second-order spectral region under ionospheric clutter is studied in-depth, and the validity of the algorithm is verified by the measured data. The new algorithm solves the problem of two order spectrum extraction under ionospheric interference, and improves the extraction accuracy, which lays the foundation for the next research.
2 The present situation of second-order spectrum extraction
In the Doppler spectrum of radar signal echo, the second-order spectrum is usually distributed on both sides of the first order spectrum. The signal-to-noise ratio (SNR) is obviously lower than that of the first order spectrum, and has a certain spectrum range. Because of the noise, clutter and other kinds of interference signals in Doppler spectrum, the difficulty of extracting second-order spectra is increased. At present, the extraction of the second-order spectra is mostly aimed at the Doppler spectrum without ionospheric disturbances and it is extracted by constructing range Doppler (RD) spectral contour [8] . However, when dealing with the Doppler spectrum with ionospheric disturbances, the interference signal has obvious influence on the outline of the RD spectrum, and cannot reflect the general location of the second-order spectrum.
3 Second-order spectrum extraction under ionospheric clutter
Since the study of second-order spectrum extraction usually takes place without the ionosphere interference, in the case of ionospheric disturbances, the previous extraction methods have great limitations, for example, the peaks of the secondorder spectrum and the second-order spectral boundary cannot be determined, and the second-order spectrum is completely disturbed by the ionosphere. In order to solve the second-order spectrum extraction in the background of ionospheric interference, this paper attempts to improve the probability and accuracy of the second-order spectrum extraction from the spectrum of ionospheric interference from three directions as follows.
The prolongation of coherent time
In order to improve the accuracy of the second-order spectrum extraction, the paper pretreated the echo data and extended the coherence length of the data to achieve the purpose of broadening the spectrum. According to the initial coherence time of the echo data, the cumulative increment of the integer double data acquisition time is performed.
In the upper formula, N is the coherence length of the extended data, and t is the minimum cumulative time, and k is the coherent multiple.
The cancellation of ionospheric clutter
In HFSWR echo data, the first-order peak signal information mainly contained in the low frequency component of the scale coefficient, the ionospheric echo information is present in the high frequency component of the wavelet coefficients. The wavelet threshold contraction algorithm [9] will deal with the interference signal with strong correlation in the wavelet coefficients, and it will be normalized to the elimination result. Similar to [10] , the threshold function uses the following expression:
Adopted from [11], the threshold selection uses the following expression:
j is the decomposition scale.
3.3 The choice of threshold for signal-to-noise ratio of second-order spectrum boundaries The threshold is used to judge the boundary of the second-order spectrum, and the selection of the threshold must have some ambiguity after the ionospheric elimination operation. In order to solve the problem of threshold ambiguity, applying two order boundary spectrum average value dynamic calibration of adjacent distance element without ionospheric disturbance, and reference spectra of the first substrate noise and signal-to-noise ratio, to determine the second-order spectrum threshold.
SNR ave is the mean value of the second-order spectrum boundary; SNR i is the signal-to-noise ratio of the ith data for the second-order spectrum boundaries.
Second-order spectrum extraction and analysis
The experimental data of this paper are taken from the spectrum of a distance element at 11 am of September 26, 2013 in the Beibu Gulf (08°13.30B E, 21°3 0.30B N) as shown in Fig. 1(a) .
Coherent accumulation of ionospheric elimination
In the time to eliminate the interference on the ionosphere, considering the ionospheric cancellation algorithm that will cause loss of signal-to-noise ratio for the echo spectrum data, due to less number of points in every game, it is easy to cause the cancellation after the second-order spectrum is not obvious or cancellation of the elimination of the ionosphere, which is on the order of two subsequent extractions caused by the spectrum great influence. In order to deal with this problem, this paper uses the method of increasing coherent accumulation time, and uses more coherent data to reduce the influence of the ionospheric cancellation algorithm on the second-order spectrum. From the comparison of Fig. 1(b) ∼(c), it is observed that the spectrum of the data at 256 sampling points is significantly less than that of the 1024 sampling points after coherent integration. In the process of ionospheric elimination, it is obvious that the possibility of extracting two order spectra before coherent accumulation is relatively small. However, after the coherent accumulation, although the ionospheric cancellation algorithm has affected the signal-to-noise ratio of the two order spectrum, the range of the approximate data points contained in the two order spectrum can be distinguished from the spectrum, which reflects the advantages of the more data sampling points.
The extraction of second-order spectrum extraction parameters
After the coherent accumulation, the signal-to-noise ratio of the spectrum changes with the ionosphere elimination. In this paper, according to the state parameters of the ocean echo spectrum of the distance elements which are not affected by the ionospheric disturbances as the reference, the two order spectra are divided after the ionospheric disturbances are eliminated. The Table I gives the reference mean values of the related main parameters of adjacent interference free range elements, and takes the transformation data before and after the first peak cancellation as the reference basis. The acquisition of the table data parameters is calculated by the echo data received within one hour, and two distance elements and two adjacent distance elements are calculated.
Extraction results
According to the statistics of the above parameters, echo spectrum correlation parameters are based on adjacent undisturbed range elements, and combined with the influence of ionospheric cancellation algorithm on SNR of echo spectrum, ultimately they determine the ionosphere on consumption, increase the coherent time spectrum of second-order boundary spectral signal-to-noise ratio, and then the scope of second-order spectrum is determined, finally, according to the peak parameters of second-order spectrum, the first-order peak area and two spectral region is separated. The Fig. 2 is the result of the second-order spectral partition of the coherent accumulation time spectrum after the above processing. Ionospheric disturbances are one of the most difficult problems to be solved in the radar signal analysis, just in a resource limited environment, analysis of echo signal of the ionospheric disturbance under the conditions of the ionosphere and the elimination of the echo spectrum in a certain extent. In this paper, the good weather conditions and the characteristics of the states in a specific area are basically the same, by increasing the coherent time, and combining with the spectrum parameters of adjacent distance elements without ionospheric disturbances, we develop the second-order spectrum feature analysis and extraction using echo spectrum with ionospheric interference by mathematical statistical analysis and approximate method. Finally, the calculation results show that the echo spectrum of ionospheric disturbances can be analyzed effectively and reasonably based on certain ocean condition and the stability principle. Abstract: In this paper, the authors have proposed an optimization design method for arbitrarily shaped resonant elements with wideband property and have constructed an offset-feed reflectarray by the optimized elements in the X band. Its radiation pattern has been also investigated numerically and experimentally. Usefulness of the proposed method has been proved from comparison between the measured radiation pattern and the calculated ones. Keywords: wideband reflectarray, genetic algorithm, antenna, method of moments Classification: Antennas and Propagation
Introduction
Recently, many studies of reflectarrays have been carried out for various applications such as millimeter imaging systems, and deployable antennas for satellite systems [1, 2] . The GA (genetic algorithm) optimization for reflectarrays is one of useful design methods [3] . However, the conventional GA-optimized reflectarray with dual-polarization or low cross-polarization properties was limited in the narrow frequency band because of adopting experiential phase functions. In this paper, we propose a new GA procedure to expand the frequency bandwidth. Its usefulness is confirmed by evaluating radiation properties of the designed reflectarray in the X band numerically and experimentally. Our design method proposed here to get a broadband property could be useful for various reflectarrays, for example, the circular polarization conversion reflectarray [4] , the multiband reflectarray, the reflectarray with resonant elements having four axial symmetry [5] and so on.
Optimization design method
In the conventional GA-optimized method [3] , we determine the element geometry by fitting the frequency property of its reflection phase into a straight line with some slope over the specified frequency range. This procedure is repeated for the parallel straight lines with the same slope in the range of 360 degrees at the center frequency. Whereas, in the proposed optimization, we adopt two-step optimization and also search the element geometry by fitting its reflection-phase property into a curved line corresponding to the resonant characteristic of an element. Furthermore, optimization is not performed under the fitting line one by one, but done under all the fitting lines at a time. In the first step, we sort the GA-generated reflection-phase curves into the group of the N units at intervals of 360=N degrees, based on the phase value at the center frequency, continue this sort until the given number M of reflection-phase curves gathers every unit, and select the N initial geometries giving the suitable phase curve in each unit. Next, one of their phase curves is chosen as the basic fitting curved line and the N parallel fitting phase curves based on it are set. In the second step, the initial geometries are modified slightly to be matched with the fitting curves, and this procedure is repeated until fitness of the error function is satisfied. It should be noted here that the phase curve of the modified geometry is compared with all the N fitting curves, so that this process makes it possible to obtain the optimized geometry from the initial geometry of the different unit. Thus, this proposed optimization can shorten computation time and extend the specified frequency range. Fig. 1 illustrates an algorithm of the proposed design procedure. 3 Reflection properties of designed elements
The reflection properties are analyzed as infinite array by the method of moments in spectral domain imposing the periodic boundary condition. The dimension of the unit cell is 12.0 mm, and the thickness of the substrate with relative permittivity " r ¼ 1:67 is 3.0 mm. The strip width of the element is 0.3 mm. We design resonant elements as M ¼ 20 and N ¼ 12 in the frequency range from 6.5 GHz to 13.5 GHz. Fig. 2(a) shows each geometries obtained by the optimization. Fig. 2(b) and (c) shows the calculated reflection phases and amplitude properties of the cross polarization for the TE incidence, and also the properties for the TM incidence is very similar to them for the TE one. The phases vary almost in the range of 360 degrees over the specified frequency. The cross polarization level is less than about −30 dB except a few elements in the specified range. To evaluate degree of parallel between the reflection-phase curves of the optimized elements, Fig. 2(d) shows their deviations by normalizing the phase value of each element to 0 degree at the center frequency 10 GHz. You can see from this figure that the deviations is suppressed within 45 degrees in the higher frequency region and 90 degrees in the lower one. Fig. 2 (e) shows the calculated reflection phases of "Initial Geometries" obtained in the first step for the TE incidence. Although their curves is similar to those in Fig. 2(a) , they are not parallel comparing with Fig. 2 (a) and does not give the phase difference more than 360°in the lower frequency region. So it is expected that the designed elements are useful for constructing a reflectarray by their appropriate arrangement.
Radiation patterns of reflectarray
To confirm usefulness of the proposed elements, we designed an offset feed reflectarray antenna with a dimension 180 mm Â 180 mm (15 Â 15 cells). Fig. 3(a) shows the fabricated reflectarray. The offset angle of the primary radiator is 30 Fig. 2 . Properties of the designed elements.
degrees and the main beam is radiated in the specular direction. The distance from its phase center to the center of the reflectarray antenna was chosen to be 290 mm. Fig. 3(b) shows comparison of the radiation patterns between the calculated results and the experimental ones at the center frequency 10 GHz. The radiation pattern is calculated by AFIM (aperture field integration method) and HFSS (Ansys). You can see from this figure that main-beam pattern agrees well with the calculated ones. The cross polarization level using AFIM is not shown there, because it is suppressed less than −50 dB. The measured level is supressed less than −45 dB except the specular direction. Fig. 3(c) shows the aperture efficiency from 6 GHz to 16 GHz, although the experimental results are given only within the specified frequency range. The aperture efficiency is kept to the level of more than 50% over a wide range from 7.5 GHz to 15.0 GHz. It is clear from this experimental verification that the proposed optimization design method is useful.
Conclusion
We have proposed the GA-optimization method for designing resonant elements of a broadband reflectarray. By adopting two-step optimization, the desirable resonant elements with broadband property are obtained efficiently. Then the reflectarray constructed by using them has been evaluated from radiation property for the dual polarized wave, numerically and experimentally. As a result, the measured mainbeam pattern agrees well with the calculated one and the cross-polarization is suppressed in the sufficiently low level. The broadband property of the proposed reflectarray has been confirmed from the aperture efficiency more than 50% over a wide range from 7.5 GHz to 15.0 GHz.
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(a) Photograph of the fabricated reflectarray.
(b) Radiation patterns at 10GHz for the TE incident wave.
(c) Comparison between the calculated and the measured aperture efficiencies for both the incident waves. Fig. 3 . Radiation properties.
